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Abstract: There is a growing interest in the potential beneficial effects of mindfulness meditation
training in protecting against age-related physical, emotional, and cognitive decline. The current
prospective, single-center, single-arm study investigated if functional magnetic resonance imagingbased changes in cerebral blood flow and brain functional connectivity could be observed in 11 elderly
adults (mean age 79) after participation in a Mindfulness-Based Stress Reduction (MBSR) program.
The results showed significantly (p < 0.05) altered cerebral blood flow and functional connectivity
in the cingulate gyrus, limbic structures, and subregions of the temporal and frontal lobes, similar
to findings of other meditation-related studies in younger populations. Furthermore, these changes
were also associated with significant improvements in depression symptoms. This study suggests that
the MBSR program can potentially modify cerebral blood flow and connectivity in this population.
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1. Introduction
The growing population of older adults faces increasing stressors as they age [1]. Many
live with multiple chronic medical conditions and often chronic pain, which is associated
with considerable psychological distress and physical disability [2]. Challenged by chronic
illness, loss of loved ones, social isolation, and declining physical function, varying degrees
of anxiety and depression are common among the elderly and are associated with increased
disability and decreased well-being [3]. Research on MBSR specifically with older adults
has demonstrated a number of beneficial effects, including reductions in anxiety, depression,
and loneliness [4,5]. Improvements in cognitive function have also been shown [6–9]. In
most of these studies with MBSR in the elderly, the mean age has been 65 to 75 years.
There are few studies exploring the neurophysiological changes that mindfulness
training may produce in elderly individuals. In the past, it was thought that the elderly are
less able to alter brain functions in beneficial ways. For example, as people age, they are less
likely to form new neuronal connections and have less neuroplasticity [10]. Cerebral blood
flow as well as functional connectivity (measuring how different parts of the brain work
together) have also been shown to decrease with aging, particularly in areas associated
with cognition [11,12].
However, a number of recent studies have suggested that neuroplasticity is still possible in the elderly and that environmental influences may augment neuronal connections
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and function [13–15]. The question is whether elderly individuals might experience changes
in these neurophysiological parameters as the result of participating in an MBSR program
and whether such changes might be associated with reduced anxiety and/or depression.
The MBSR program centers on the practice of mindfulness meditation, which involves
the cultivation of an open, curious, and nonjudgmental awareness of present-moment
experience [16]. The MBSR curriculum includes training in mindfulness meditation through
different formal practices, including body scan meditation, sitting meditation, mindful
stretching, mindful walking and eating, as well as mindful communication practices. The
program also includes didactic information on stress physiology and healthy responding
versus reacting to stress. MBSR was originally designed for a heterogeneous patient
population, but most studies have been on younger populations including generally healthy
individuals younger than 65, patients with selected medical conditions, and even students
such as college, medical, or nursing students [17,18].
The MBSR program for this current study was modified for elderly individuals, and
this has been reported previously [19]. While several studies have explored the physiological and clinical effect of MBSR in older adults, only a few have specifically explored
the neurophysiological correlates of such improvements. Our goal was to determine if
we can observe changes in cerebral blood flow or functional connectivity in these elderly
individuals as the result of the MBSR program and if such changes are similar to or distinct
from those observed in studies of younger populations.
Importantly, in this current study, we used fMRI to assess changes in cerebral blood
flow (CBF) using arterial spin labeling (ASL) and in functional connectivity using restingstate Blood Oxygen Level-Dependent (BOLD) scans in elderly subjects before and after
participating in an 8-week MBSR program. ASL fMRI imaging allows for measurement
of CBF in various states. ASL fMRI has not been used extensively to study mindfulness
or other forms of meditation. One small study of 15 meditation-naïve subjects using ASL
fMRI found that anxiety reduction resulting from mindfulness meditation was associated
with activation of the anterior cingulate cortex, ventromedial prefrontal cortex, and anterior
insula, areas involved in self-referential thought [20]. A more recent small study using
these techniques with 10 meditation-naïve subjects found that focused attention meditation
was positively associated with changes of resting-state functional connectivity between the
default mode network (DMN) and the dorsal attention network (DAN), between the DMN
and the insula, and between the DAN and the frontoparietal control network (FPN) [21].
The same study showed that meditation training was negatively associated with changes
of resting-state functional connectivity between the DMN and the FPN and between the
DAN and the brain’s visual regions.
For the current study, we performed resting BOLD fMRI scans before and after an
MBSR program to assess functional connectivity changes in elderly subjects. In addition,
ASL scans were performed pre and post the MBSR program to more directly measure
changes in CBF. During each imaging session, we performed two ASL scans—one in the
resting condition and one during an actual meditation practice called “body scan” in which
subjects follow an audio file which guides them through the practice in which they focus
their attention on any sensations in their body. This is a common meditation practice that
is part of the MBSR program, and thus, we hoped this study would help demonstrate
whether we can show changes between meditation and non-meditation states and whether
these states are altered by participation in the 8-week MBSR program.
2. Materials and Methods
2.1. Participants
Subjects were recruited from an Independent Living arm of a Life Plan Community
(formerly known as a Continuing Care Retirement Community or CCRC) to participate in
an 8-week MBSR program. Recruitment was announced by the research team in several
separate group presentations at the Life Plan Community. An overview of the study
elements was provided, and participants were asked if they had any question and if they
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were interested in participating. After this initial orientation session in which details about
the MBSR program and fMRI research study were described, the subjects were invited
to volunteer to participate in the fMRI study. A total of 20 subjects who volunteered to
participate in the fMRI study met individually with a researcher to be screened in order to
determine if they met the inclusion criteria: age > 65 years and Mini-Mental Status Exam
score > 25; no prior experience with the MBSR program; no metal in their body (pacemaker,
types of stents or ports); no medical condition that could interfere with cerebral blood flow;
not on any medication that could affect brain physiology or cerebral blood flow.
Eleven subjects who met all inclusion criteria participated in the study (see Table 1).
All participants were Caucasian and were highly educated, with a minimum of a college
degree. All participants provided a written informed consent that was approved by the
Thomas Jefferson University Institutional Review Board. All subjects participated in an
8-week MBSR program and completed fMRI scans within 2 weeks prior to the start date of
the MBSR program (pre-MBSR scan) and again within 2 weeks after completing the MBSR
program (post-MBSR scan). Data were acquired from September 2016 to September 2017.
Table 1. Patient demographics and pre/post clinical measures.
Characteristic

Measure/Score

Age
Gender
Education
Beck Depression Index Pre
Beck Depression Index Post
State Anxiety Pre
State Anxiety Post

79.0 ± 5.2 years old (range 71–87 years)
9 females and 2 males
18 ± 3 years
2.5 (interquartile range of 6.0)
1.0 (interquartile range of 3.0)
29.0 (interquartile range of 9.5)
31.5 (interquartile range of 7.0)

2.2. The MBSR Program
The 8-week MBSR was taught by a certified MBSR teacher (certified through the
Center for Mindfulness at University of Massachusetts Medical School) with over 25 years
of experience specifically using the MBSR curriculum as developed by Jon Kabat-Zinn [16]
with some adaptations (see below). MBSR was run on site at the CCRC. Participants
met in a community room dedicated each week for the program. The environment had
natural lighting and comfortable chairs and was easily accessible. Based on input from
the administrators at the CCRC who were aware of residents’ schedules and best time of
day to run the program, classes were run in the afternoon (1:30–3:30 pm). During each
group session, the instructor led participants in guided mindfulness meditation exercises,
mindful yoga, and group discussions with the intent to foster mindful awareness of one’s
moment-to-moment experience. Between sessions, participants were asked to practice
daily using a CD of guided meditations. Attendance was taken at each session.
The standard MBSR program is an 8-week program that meets once a week for two
and a half hours and includes a full day of practice. Participants are asked to practice at
home for 45 min a day, listening to guided meditations. The following modifications were
made to the standard MBSR program in order to make it more accessible to this population
of older adults. The 8-week program for older adults met once a week for 2 h, without a full
day retreat. Participants were asked to practice at home for 25 to 30 min daily. The sequence
of practices was the same as that of the standard MBSR program including body scan
awareness practice, sitting meditation with awareness of breath, mindful yoga, mindful
walking, and loving-kindness meditation [16]. Specifically, the MBSR program used in this
study comprised the following classes and topics: Class 1: Introduction to mindfulness,
attitudinal foundations, breath as a mirror of mind and emotion, identifying present-level
stress, and introducing the Body Scan; Class 2: Physiology of stress, perception and creative
responding, cultivating mindfulness in daily activities, and introducing Awareness of
Breath Meditation; Class 3: The power of being present, meditation in stillness and movement, introducing Mindful Chair Yoga; Class 4: Awareness of stress reactivity, cultivating
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strength, balance, and flexibility, and introducing Mindful Walking; Class 5: Responding
vs. reacting to stress, moving from habitual behaviors to more effective responses, and
introducing Expanding Awareness Meditation; Class 6: Interpersonal communication skills
and introducing Mindful Listening Practice; Class 7: Kindness and compassion for self
and others and introducing Loving-Kindness Meditation; Class 8: Continuing to cultivate
mindfulness in day-to-day life and setting intentions for moving forward.
To account for potentially decreased mobility in this elderly population, the yoga
practice was adapted to chair yoga instead of floor yoga. Similarly, with mindful walking,
participants had the option of walking close to a wall or to hold on to the backs of chairs
in case they needed additional support. Each home practice was put on a separate CD,
so participants could more easily manage the technology required with playing the CD.
Detailed instructions were also given to participants who wanted to listen to recordings as
mp3s on their computers or phones. The binder contents were also written in large print
for better visibility.
2.3. Clinical Measures
Subjects were evaluated for anxiety and depression pre- and post-MBSR program
using the Spielberger State/Trait Anxiety score and the Beck Depression Index (BDI)
score. Since these data were nonparametric, a Wilcoxon signed-rank test was performed to
determine if there were any measurable effects.
2.4. Imaging Acquisition
The MR imaging was performed on a 3T Siemens mMR PET–MRI scanner using a
standard 12-channel head coil. The total scan time was approximately 40 min. Initially, structural MRI brain images were collected using a T1-weighted Magnetization-Prepared Rapid
Gradient Echo (MPRAGE) sequence. The imaging parameters used were: FOV = 25.2 cm2 ,
voxel size = 0.5 × 0.5 × 1.0 mm3 , matrix size = 256 × 240, TR = 1600 ms, TE = 2.46 ms, slice
thickness = 1 mm, number of slices = 176, flip angle = 9◦ , and acquisition time = 280 s. Next,
resting-state BOLD fMRI data were collected using an Echo Planar Imaging (EPI) sequence.
The following imaging parameters were used: FOV = 23.6 cm2 , voxel size = 3 × 3 × 4 mm3 ,
matrix size = 128 × 128, TR = 2000 ms, TE = 30 ms, slice thickness = 4 mm, number of slices
= 34, number of volumes = 180, and acquisition time = 360 s. During resting-state fMRI, the
subjects were instructed to close their eyes, keep their heads still, and relax for 5 min.
Finally, the subjects underwent two ASL scans. The first scan was performed while
the subjects were at rest with their eyes closed as in the resting-state BOLD scan for
approximately 6 min. The second scan was performed while participants were guided
through “body scan meditation” in which they were instructed to attend to sensations in
the body, progressively focusing on different body parts. This is a core meditation practice
in the MBSR program. This procedure was followed again post-MBSR.
ASL scans pre- and post-MBSR program were performed using Echo Planar Imaging
(EPI) sequence parameters as follows: TR = 2500 ms, TE = 11 ms, FOV = 19.2 cm2 , voxel size
= 3 × 3 × 6 mm3 . An asymmetrical pulsed ASL sequence (PICORE Q2T) [11] was utilized
with the following parameters: 16 slices acquired in ascending order, slice thickness = 6 mm,
Bolus Duration = 1675 ms, Inversion/Delay Time = 1800 ms, Labeling time = 700 ms,
and labeling pulse flip angle = 90◦ . In total, 119 volumes were acquired, with the 1st
volume containing the M0 image, and the remaining volumes containing 59 pairs of
control/labelled images.
2.5. Cerebral Blood Flow Analysis
Preprocessing and statistical analysis were performed on all subjects using Matlab
(ver. R2018a), using the standard steps that are incorporated as part of a validated SPM12based ASL perfusion MRI data processing toolbox, ASLtbx [22]. The processing steps are
as follows: (1) Realignment: rigid body spatial transformation was applied to the PASL
control and label images in order to remove motion artifacts in the PASL time-series; (2) Co-

Behav. Sci. 2022, 12, 48

5 of 11

Registration: the motion-corrected PASL images and the M0 images were co-registered
to the structural T1 space; (3) Smoothing: the PASL images were smoothed before CBF
calculation to prevent noise propagation and to improve the signal-to-noise ratio (SNR).
A 6 mm full-width at half maximum (FWHM) Gaussian kernel was used; (4) Cerebral
Blood Flow Calculation: perfusion difference images were generated, and the mean whole
brain cerebral blood flow (mL/100 g/min) was calculated for each subject by pairwise
control–label subtraction using the established one compartment model [23,24]. CBF was
estimated using the following formula and parameters:
f =

∆MλR1a · exp(ωR1a )
·[1 − exp(−τ · R1a )]−1
2M0 α

where f is CBF, ∆M is the difference signal between the control and the label acquisitions,
R1a is the longitudinal relaxation rate of blood, τ is the labeling time, ω is the post-labeling
delay time, α is the labeling efficiency, λ is blood/tissue water partition coefficient, and M0
is approximated by the control image intensity. The parameters used in this study were
R1a = 0.67 s−1 , α = 0.95, λ = 0.9 g/mL, τ = 0.7 s, ω = 1.8 s; (5) Segmentation: the anatomical
images were divided into individual tissue types (grey matter, white matter, and CSF)
for use in the outlier cleaning step. The high-resolution structural image (T1-MPRAGE)
were used and compared to prior established tissue probability maps generated in SPM;
(6) Outlier cleaning: slice-wise outlier cleaning was applied to the perfusion difference
images produced in step 4 and utilized the segmentations produced in step 5 [25]; (7) Normalization: deformations produced from the SPM12 segmentation implemented in step
5 were applied to the outlier-cleaned CBF maps to transform the functional data into the
standard Montreal Neurological Image (MNI) space.
After pre-processing was completed, a quantitative group analysis was performed using SPM12 software. This method involved statistical analyses of the normalized, smoothed,
outlier-corrected perfusion images in order to assess the group differences in resting-state
cerebral blood flow before MBSR and after it. In order to find this effect, the resting condition and the ‘body scan’ condition were compared using a 2 × 2 full factorial ANOVA
design, factor 1 was the condition (resting or body scan), and factor 2 was time (pre MBSR
and post MBSR). This was a voxel-based analysis performed on the whole brain, using a
T-contrast reflecting the mean difference between the two time periods and the variation
within them. A post hoc FDR correction was applied based on the regions we hypothesized
would be involved in the meditation process. The regions that survived FDR correction
for multiple comparisons with a p value < 0.05 were identified. These regions represent
the change in CBF after two months of participating in the MBSR program seen during the
resting condition and during body scan meditation.
2.6. Functional Connectivity Analysis
Preprocessing was completed in SPM12 (UCL, London, UK) within the MATLAB®
environment (MathWorks, Natick, MA, USA). Functional data were realigned, with the
mean image co-registered to structural volumes. Segmentation of structural volumes in
grey matter, white matter, and CSF spaces was completed, and volumes were spatially
normalized to the Montreal Neurological Institute (MNI) space. Finally, normalized images
were smoothed temporally. Functional data were denoised using a component-based noise
correction method (CompCor) within the CONN toolbox (Neuroimaging Informatics Tools
and Resources Clearinghouse, National Institutes of Health, Bethesda, MD, USA). The
structural volumes were separated into white matter, gray matter, and CSF confounds. A
band-pass filter with a range of 0.008 to 0.09 Hz was applied to the data to restrict the
analysis to a limited frequency window, while white matter and CSF confounds were
placed in a 3D space. This analysis pipeline is well established and widely used in the fMRI
community for evaluating resting-state data.
Next, a seed-based analysis was carried out on this analyzed dataset. Regions of
interest (ROIs) were defined using the Harvard-Oxford (Center for Morphometric Analysis,
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Massachusetts General Hospital-East, Charlestown, MA, USA) atlas. Changes in functional
connectivity between several areas of interest, including anterior cingulate cortex, amygdala, cerebellum, limbic system, parahippocampus, and prefrontal cortex, were examined
with both ROI-to-voxel and ROI-to-ROI analyses. General linear models (GLMs) were used
to compare resting-state connectivity between pre- and post-MBSR. A p < 0.01 uncorrected
height threshold and p < 0.05 false discovery rate (FDR)-corrected cluster threshold were
used along with both single and two-tailed correlations.
3. Results
3.1. Study Completion Rate, MBSR Attendance, and Clinical Response
All of the 11 subjects who participated in this fMRI study completed the 8-week MBSR
program and both the pre- and post-program brain scans. Nine of the subjects attended all
eight MBSR classes, and two attended seven classes.
When evaluating clinical response in this small cohort, there was a significant decrease
in BDI scores using the Wilcoxin signed-rank test with a median pre-MBSR score of 2.5
(interquartile range of 6.0) and a median post-MBSR score of 1.0 (interquartile range of
3.0) (p < 0.05), with a Cohen’s d of 0.51 and a non-significant decrease in state anxiety (see
Table 1). No subjects reported any adverse events or experiences during the MBSR program
or during procedures such as the MRI. This included no reports of increased anxiety, stress,
or depression.
3.2. Changes in Cerebral Blood Flow
Changes in CBF between the pre- and post-MBSR states are shown in Tables 2 and 3.
Overall, during the resting state, there were significant increases in the post-MBSR program
scan compared to the pre-MBSR program scan in the right PFC, anterior and posterior
cingulate gyrus, left superior temporal gyrus, and left superior frontal gyrus. During the
meditation state, there were significant increases in the post-MBSR program compared to
the pre-MBSR program scan in the left PFC, left putamen, posterior cingulate gyrus, and
left and right inferior parietal lobes.
Table 2. Cerebral blood flow differences between the pre- and the post- MBSR program scans during
the resting state (PFC = prefrontal cortex, ACC = anterior cingulate cortex). The peak intensity
represents the T statistic at the peak statistical significance for the cluster.
Region

PEAK MNI
Coordinate

Peak
Intensity

Peak Level p Value
Uncorrected

Peak Level p Value
FDR Corrected

Right PFC

32

38

–4

4.43

0.001

0.03

ACC

–6

28

–12

3.30

0.001

0.02

Left Superior Frontal Gyrus

–22

48

48

3.60

0.001

0.01

Posterior Cingulate

–14

–66

8

3.34

0.001

0.01

Left Superior Temporal Gyrus

–62

–28

4

3.12

0.002

0.01

Right Anterior Cingulate

18

26

28

2.77

0.004

0.02
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Table 3. Cerebral blood flow differences between the pre- and the post- MBSR program scans during
the meditation state (PFC = prefrontal cortex). The peak intensity represents the T statistic at the peak
statistical significance for the cluster.
Peak
Intensity

Peak Level p Value
Uncorrected

Peak Level p Value
FDR Corrected

3.24

0.001

0.03

4.32

0.001

0.02

–24

–3.52

0.001

0.01

–4

3.18

0.002

0.01

3.03

0.002

0.01

Region.

PEAK MNI
Coordinate

Left PFC

–4

54

Posterior Cingulate

–12

–64

Right Superior Temporal Lobule

36

Left Putamen

–22

Left Inferior Parietal Lobule

–50

6

–8
12

4
–30

22

3.3. Changes in Functional Connectivity
The functional connectivity results are provided in Table 4 and described in more
detail below. ROI-to-voxel analysis showed increased connectivity between the anterior
cingulate cortex (ACC) and the left insular cortex, posterior cingulate cortex, putamen, and
left orbitofrontal cortex (FDR-corrected p = 0.002). ROI-to-voxel analysis showed decreased
connectivity between the ACC and the cerebellum, left inferior temporal gyrus, and left
superior temporal gyrus (FDR-corrected p = 0.008).
Table 4. Coordinates of the largest cluster size for each respective ROI for functional connectivity
analysis (ACC = anterior cingulate cortex, PFC = prefrontal cortex).
Region

Cluster Size (Voxels)

FDR Corrected p Value

46

842

0.002

–44

603

0.019

PEAK MNI Coordinate

ACC

–12

–38

Amygdala

26

12

Cerebellum

–12

–74

–18

654

0.017

46

–62

2

1301

0.001

–24

684

0.011

Parahippocampus
PFC

64

–10

ROI-to-voxel analysis showed increased connectivity between the amygdala and the
right parahippocampal cortex, right inferior temporal gyrus, right orbitofrontal cortex, and
right hippocampus (FDR-corrected p = 0.02). There were no significant areas of decreased
connectivity using the amygdala as the ROI.
ROI-to-voxel analysis showed increased connectivity between the parahippocampus
and the right hippocampus, right insular cortex, right inferior temporal gyrus, and cerebellum (FDR-corrected p = 0.00006). There were no significant areas of decreased connectivity
using the parahippocampus as the ROI.
ROI-to-voxel analysis showed increased connectivity between the prefrontal cortex
(PFC) and the right superior temporal gyrus and right inferior temporal gyrus (FDRcorrected p = 0.0002). There were no significant areas of decreased connectivity using the
PFC as the ROI.
ROI-to-ROI analysis showed increased connectivity between the right amygdala and
the left hippocampus (FDR-corrected p = 0.033), between the right hippocampus and the
right parahippocampus (FDR-corrected p = 0.039), and between the left and the right
caudate nuclei (FDR-corrected p = 0.0238).
4. Discussion
Neuroimaging studies of mindfulness have grown exponentially in the past decade
and demonstrate that mindfulness training can change both brain structure and brain function. A recent systematic review of 21 studies indicates that the emotional and behavioral
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changes observed in people after participating in Mindfulness-Based Interventions (MBIs)
are related to both functional and structural changes in the brain [26]. This review article
reported that participation in MBIs is associated with increased activity, connectivity, and
volume in the prefrontal cortex, the cingulate cortex, the insula, and the hippocampus. In
addition, participation in MBIs is associated with increased amygdala functional connectivity with the prefrontal cortex and earlier deactivation after exposure to emotional stimuli.
A separate study explored the MBSR course in 140 healthy adults with an average
age of 44.3 years randomized to the MBSR program, an active control, or a waitlist control
group [27]. The study found increased resting connectivity between the executive control
network (dorsolateral PFC) and the default mode network (posterior cingulate cortex)
for those participating in the MBSR relative to the control groups. Further, the MBSR
participants showed a significantly stronger relationship between days of practice and
increased connectivity between these structures.
Smart et al. [28] found that mindfulness training with older adults with subjective
cognitive decline led to decreases in memory complaints, increases in memory efficacy,
and increased total brain volume. Another earlier study by Moynihan et al. [29] found
that MBSR produced small but significant changes in executive function and sustained
left frontal asymmetry of the EEG alpha band in older adults. A study by Malinowski
and colleagues [30] demonstrated improvements in goal-directed visuospatial attention
and associated electrophysiological changes in older adults with mindfulness training.
In the aforementioned studies of MBSR with older adults, the mean age ranged between
65 and 75 years.
Additionally, in a recent randomized controlled trial of 146 older individuals, mindfulness training was compared to a cognitive fitness program to determine brain effects and
also effects on cognition [31]. Mindfulness training was associated with greater improvements in cognition that were associated with increased connectivity within the default
mode network, particularly between the right hippocampus and the posteromedial cortex and between the left hippocampus and the lateral parietal cortex. These findings are
important since the default mode network is associated with cognitive function and is
particularly vulnerable to aging affects.
This current single-arm study enrolled one of the oldest cohorts of subjects studied
with fMRI to evaluate cerebral blood flow and functional connectivity before and after
an MBSR program (the mean age of the subset of the study participants was 79 years).
The study showed that conducting neuroimaging with this population is feasible and
can demonstrate significant changes even in a small sample. Several significant changes
in CBF and functional connectivity associated with participation in the MBSR program
were observed, consistent with a number of the above-mentioned findings in other studies
of MBIs [20,21]. Cerebral blood flow was found to be increased both at rest and during
meditation after participating in the MBSR program. During the resting scans, there was
increased CBF in the right PFC, anterior cingulate gyrus, left superior temporal gyrus,
left superior frontal gyrus, posterior cingulate, and right anterior cingulate. These are
important findings, since they suggest changes in the basic function of the brain as the
result of participating in the MBSR program. Such changes may contribute to the reductions
in depressive symptoms that we observed in our subjects. In fact, a recent study of
transcranial magnetic stimulation with intermittent theta bursts to the prefrontal cortex
significantly reduced depression symptoms [32]. These changes have also been linked to
reduced anxiety, which we did not observe to a significant degree in this study. During
the body scan meditation itself, there were significant increases in CBF in the left PFC,
the left putamen, the posterior cingulate gyrus, and left and right inferior parietal lobes.
The finding of changes in the brain during the body scan meditation before and after
undergoing the MBSR program suggest a training effect, such that practicing meditation
over a period of time changes the way in which the brain actually becomes active during
the practice. Future studies with a larger number of subjects will be needed to better
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understand the relationship between longitudinal changes in CBF during meditation itself
and changes in brain function at rest that might relate to clinical effects.
In the current study, there was generally increased connectivity between brain structures involved in emotional self-regulation such as the anterior cingulate cortex, prefrontal
cortex, cerebellum, caudate nuclei, and limbic regions. Also observed was increased connectivity between specific regions, such as the amygdala and the hippocampus, and the
amygdala and parahippocampus. These results suggest that there are functional changes,
particularly, increased connectivity in areas associated with emotion regulation, attention,
and memory in older adults participating in the MBSR program.
The findings are consistent with prior studies in younger populations in which the prefrontal cortex, limbic areas such as the hippocampus and the amygdala, and the posterior
cingulate are affected by mindfulness programs. For example, a small study of 14 patients
with mild cognitive impairment (MCI) participating in MBSR revealed increased functional
connectivity between the posterior cingulate cortex and the bilateral medial prefrontal
cortex and left hippocampus compared to controls [33]. These results indicated that in
adults with MCI, MBSR may have a positive impact on the regions of the brain most related
to MCI. In another study, 35 adults presenting with psychological distress underwent a
3-day mindfulness program and were found to have increased resting-state functional
connectivity between brain regions associated with executive function [34]. Decreased
resting-state functional connectivity in the amygdala–anterior cingulate cortex were also
found after the 3-day mindfulness program, suggesting a pathway for the stress reduction
effects of mindfulness [35]. Finally, an fMRI study by Yang et al. [36] of 13 novices with
a mean age of 24 who underwent 40 days of mindfulness training showed increased connectivity between the precuneus and the temporoparietal junction, but reduced functional
connectivity in the frontal brain regions. This latter finding is in the opposite direction of
our findings, and future studies will be needed to determine whether these changes are
distinct among differently aged patient populations.
The current study supports these previous reports of neuroplastic changes with mindfulness training and adds to the growing field by observing changes in elderly adults. Our
study results suggest that the MBSR program alters functional connectivity in emotional
networks in older individuals. There is also overlap, with some of these regions having
both altered functional connectivity as well as altered CBF. These areas include the PFC,
anterior cingulate cortex, and posterior cingulate cortex, all areas involved in attentional
control and emotional regulation.
The study limitations include a small sample size and lack of diversity in the population of older adults, which can limit the generalizability of our findings. In addition, this
single-arm fMRI study did not include a control group and thus did not control for factors
such as time and attention. More research including randomized trials with larger sample
sizes, active control groups, and long-term follow-up is needed to further investigate the
promising results of this study.
Author Contributions: Conceptualization, A.S.M., D.K.R., N.W. and A.B.N.; methodology, A.S.M.,
D.K.R., N.W., M.K., J.H., M.A., F.B.M. and A.B.N.; formal analysis, A.S.M., D.K.R., F.V., H.P., M.K.,
J.H., M.A., F.B.M. and A.B.N.; investigation, A.S.M., D.K.R., N.W., F.B.M. and A.B.N.; resources,
A.S.M., D.K.R., F.B.M. and A.B.N.; data curation, A.S.M., D.K.R., N.W., F.V., H.P., M.K., J.H., M.A.,
F.B.M. and A.B.N.; writing—original draft preparation, A.S.M., D.K.R., H.P., M.A., F.B.M. and A.B.N.;
writing—review and editing, N.W., F.V., M.K. and J.H.; supervision, A.S.M., DKM, N.W., F.B.M.,
A.B.N.; project administration, N.W., F.B.M. and A.B.N. funding acquisition, A.S.M., D.K.R. All
authors have read and agreed to the published version of the manuscript.
Funding: This study was funded by a grant from the Friends Foundation for the Aging. Friends
Foundation for the Aging is a Quaker foundation that funds innovative and collaborative programs
to improve the lives of aging adults.

Behav. Sci. 2022, 12, 48

10 of 11

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of
Thomas Jefferson University (protocol code 11D.412 approved on 9 January 2011).
Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Data from this study are available upon request.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.

4.

5.
6.
7.
8.

9.

10.
11.

12.
13.
14.
15.

16.
17.
18.
19.

20.
21.

22.

National Council on Aging. Top 10 Chronic Conditions in Adults 65+ and What You Can do to Prevent or Manage Them. 2017.
Available online: https://www.ncoa.org/blog/10-common-chronic-diseases-prevention-tips/ (accessed on 30 November 2021).
Bicket, M.C.; Mao, J. Chronic Pain in Older Adults. Anesthesiol. Clin. 2015, 33, 577–590. [CrossRef] [PubMed]
Hybels, C.F.; Pieper, C.F.; Blazer, D.G. The complex relationship between depressive symptoms and functional limitations in
community-dwelling older adults: The impact of subthreshold depression. Psychol. Med. 2009, 39, 1677–1688. [CrossRef]
[PubMed]
Creswell, J.D.; Irwin, M.R.; Burklund, L.J.; Lieberman, M.D.; Arevalo, J.M.; Ma, J.; Cole, S.W. Mindfulness-Based Stress
Reduction training reduces loneliness and pro-inflammatory gene expression in older adults: A small randomized controlled
trial. Brain Behav. Immun. 2012, 26, 1095–1101. [CrossRef] [PubMed]
Kumar, S.; Adiga, K.R.; George, A. Impact of mindfulness-based stress reduction (MBSR) on depression among elderly residing
in residential homes. Nurs. J. India 2014, 105, 248–251.
Berk, L.; van Boxtel, M.; van Os, J. Can mindfulness-based interventions influence cognitive functioning in older adults? A review
and considerations for future research. Aging Ment. Health 2017, 21, 1113–1120. [CrossRef]
Fountain-Zaragoza, S.; Prakash, R. Mindfulness training for healthy aging: Impact on attention, well-being, and inflammation.
Front. Aging Neurosci. 2017, 9, 11. [CrossRef]
Lenze, E.J.; Hickman, S.; Hershey, T.; Wendleton, L.; Ly, K.; Dixon, D.; Doré, P.; Wetherell, J.L. Mindfulness-based stress reduction
for older adults with worry symptoms and co-occurring cognitive dysfunction. Int. J. Geriatr. Psychiatry 2014, 29, 991–1000.
[CrossRef]
Wetherell, J.L.; Hershey, T.; Hickman, S.; Tate, S.R.; Dixon, D.; Bower, E.S.; Lenze, E.J. Mindfulness-based stress reduction for older
adults with stress disorders and neurocognitive difficulties: A randomized controlled trial. J. Clin. Psychiatry 2017, 78, e734–e743.
[CrossRef]
Mahncke, H.W.; Bronstone, A.; Merzenich, M.M. Brain plasticity and functional losses in the aged: Scientific bases for a novel
intervention. Prog. Brain Res. 2006, 157, 81–109.
Ferreira, L.K.; Regina, A.C.; Kovacevic, N.; Martin, M.d.G.; Santos, P.P.; Carneiro, C.d.G.; Kerr, D.S.; Amaro, E., Jr.; McIntosh, A.R.;
Busatto, G.F. Aging Effects on Whole-Brain Functional Connectivity in Adults Free of Cognitive and Psychiatric Disorders. Cereb.
Cortex 2016, 26, 3851–3865. [CrossRef]
Park, J.E.; Jung, S.C.; Ryu, K.H.; Oh, J.Y.; Kim, H.S.; Choi, C.G.; Kim, S.J.; Shim, W.H. Differences in dynamic and static functional
connectivity between young and elderly healthy adults. Neuroradiology 2017, 59, 781–789. [CrossRef] [PubMed]
Park, D.C.; Bischof, G.N. The aging mind: Neuroplasticity in response to cognitive training. Dialogues Clin. Neurosci. 2013, 15,
109–119. [PubMed]
Porto, F.H.; Fox, A.M.; Tusch, E.S.; Sorond, F.; Mohammed, A.H.; Daffner, K.R. In vivo evidence for neuroplasticity in older adults.
Brain Res. Bull. 2015, 114, 56–61. [CrossRef]
Mahncke, H.W.; Connor, B.B.; Appelman, J.; Ahsanuddin, O.N.; Hardy, J.L.; Wood, R.A.; Joyce, N.M.; Boniske, T.; Atkins, S.M.;
Merzenich, M.M. Memory enhancement in healthy older adults using a brain plasticity-based training program: A randomized,
controlled study. Proc. Natl. Acad. Sci. USA 2006, 103, 12523–12528. [CrossRef] [PubMed]
Kabat-Zinn, J. Full Catastrophe Living; Dell: New York, NY, USA, 1990.
Green, A.A.; Kinchen, E.V. The Effects of Mindfulness Meditation on Stress and Burnout in Nurses. J. Holist. Nurs. 2021, 39,
356–368. [CrossRef]
Felsted, K.F. Mindfulness, Stress, and Aging. Clin. Geriatr. Med. 2020, 36, 685–696. [CrossRef] [PubMed]
Moss, A.S.; Reibel, D.K.; Greeson, J.M.; Thapar, A.; Bubb, R.; Salmon, J.; Newberg, A.B. An adapted mindfulness-based stress
reduction program for elders in a continuing care retirement community: Quantitative and qualitative results from a pilot
randomized controlled trial. J. Appl. Gerontol. 2015, 34, 518–538. [CrossRef]
Zeidan, F.; Martucci, K.T.; Kraft, R.A.; McHaffie, J.G.; Coghill, R.C. Neural correlates of mindfulness meditation-related anxiety
relief. Soc. Cogn. Affect. Neurosci. 2014, 9, 751–759. [CrossRef]
Zhang, Z.; Luh, W.-M.; Duan, W.; Zhou, T.D.; Zhao, L.; Weinschenk, G.; Anderson, A.K.; Dai, W. The Longitudinal Effect of
Meditation on Resting-State Functional Connectivity Using Dynamic Arterial Spin Labeling: A Feasibility Study. Brain Sci. 2021,
11, 1263. [CrossRef]
Wang, Z.; Aguirre, G.K.; Rao, H.; Wang, J.; Fernández-Seara, M.A.; Childress, A.R.; Detre, J.A. Empirical optimization of ASL data
analysis using an ASL data processing toolbox: ASLtbx. Magn. Reson. Imaging 2008, 26, 261–269. [CrossRef]

Behav. Sci. 2022, 12, 48

23.
24.
25.
26.
27.

28.
29.

30.
31.

32.

33.

34.

35.

36.

11 of 11

Jahng, G.; Li, K.; Ostergaard, L.; Calamante, F. Perfusion Magnetic Resonance Imaging: A Comprehensive Update on Principles
and Techniques. Korean J. Radiol. 2014, 15, 554. [CrossRef] [PubMed]
Warmuth, C.; Gunther, M.; Zimmer, C. Quantification of blood flow in brain tumors: Comparison of arterial spin labeling and
dynamic susceptibility-weighted contrast-enhanced MR imaging. Radiology 2003, 228, 523–532. [CrossRef] [PubMed]
Li, Y.; Dolui, S.; Xie, D.-F.; Wang, Z. Alzheimer’s Disease Neuroimaging Initiative. Priors-guided slice-wise adaptive outlier
cleaning for arterial spin labeling perfusion MRI. J. Neurosci. Methods 2018, 307, 248–253. [CrossRef] [PubMed]
Gotink, R.A.; Meijboom, A.; Vernooij, M.W.; Smits, M.; Hunink, M.M. 8-week mindfulness based stress reduction induces brain
changes similar to traditional long-term meditation practice-a systematic review. Brain Cogn. 2016, 108, 32–41. [CrossRef]
Kral, T.; Imhoff-Smith, T.; Dean, D.C.; Grupe, D.; Adluru, N.; Patsenko, E.; Mumford, J.A.; Goldman, R.; Rosenkranz, M.A.;
Davidson, R.J. Mindfulness-Based Stress Reduction-related changes in posterior cingulate resting brain connectivity. Soc. Cogn.
Affect. Neurosci. 2019, 14, 777–787. [CrossRef]
Smart, C.; Segalowitz, S.; Mulligan, B.; Koudys, J.; Gawryluk, J. Mindfulness training for older adults with subjective cognitive
decline: Results from a pilot randomized controlled trial. J. Alzheimer Dis. 2016, 52, 757–774. [CrossRef]
Moynihan, J.A.; Chapman, B.P.; Klorman, R.; Krasner, M.S.; Duberstein, P.R.; Brown, K.W.; Talbot, N.L. Mindfulness-based stress
reduction for older adults: Effects on executive function, frontal alpha asymmetry and immune function. Neuropsychobiology 2013,
68, 34–43. [CrossRef]
Malinowski, P.; Moore, A.W.; Mead, B.R.; Gruber, T. Mindful aging: The effects of regular brief mindfulness practice on
electrophysiological markers of cognitive and affective processing in older adults. Mindfulness 2017, 8, 78. [CrossRef]
Sevinc, G.; Rusche, J.; Wong, B.; Datta, T.; Kaufman, R.; Gutz, S.E.; Schneider, M.; Todorova, N.; Gaser, C.; Thomalla, G.; et al.
Mindfulness Training Improves Cognition and Strengthens Intrinsic Connectivity Between the Hippocampus and Posteromedial
Cortex in Healthy Older Adults. Front. Aging Neurosci. 2021, 13, 702796. [CrossRef]
Cole, E.J.; Phillips, A.L.; Bentzley, B.S.; Stimpson, K.H.; Nejad, R.; Barmak, F.; Veerapal, C.; Khan, N.; Cherian, K.; Felber, E.; et al.
Stanford Neuromodulation Therapy (SNT): A Double-Blind Randomized Controlled Trial. Am. J. Psychiatry 2021, 179, 132–141.
[CrossRef]
Wells, R.E.; Yeh, G.Y.; Kerr, C.E.; Wolkin, J.; Davis, R.B.; Tan, Y.; Spaeth, R.; Wall, R.B.; Walsh, J.; Kaptchuk, T.J.; et al. Meditation’s
impact on default mode network and hippocampus in mild cognitive impairment: A pilot study. Neurosci. Lett. 2013, 556, 15–19.
[CrossRef] [PubMed]
Taren, A.A.; Gianaros, P.J.; Greco, C.M.; Lindsay, E.K.; Fairgrieve, A.; Brown, K.W.; Rosen, R.K.; Ferris, J.L.; Julson, E.; Marsland, A.L.; et al. Mindfulness Meditation Training and Executive Control Network Resting State Functional Connectivity: A
Randomized Controlled Trial. Psychosom. Med. 2017, 79, 674–683. [CrossRef] [PubMed]
Taren, A.A.; Gianaros, P.J.; Greco, C.M.; Lindsay, E.K.; Fairgrieve, A.; Brown, K.W.; Rosen, R.K.; Ferris, J.L.; Julson, E.; Marsland,
A.L.; et al. Mindfulness meditation training alters stress-related amygdala resting state functional connectivity: A randomized
controlled trial. Soc. Cogn. Affect. Neurosci. 2015, 210, 1758–1768. [CrossRef] [PubMed]
Yang, C.C.; Barrós-Loscertales, A.; Pinazo, D.; Ventura-Campos, N.; Borchardt, V.; Bustamante, J.C.; Rodríguez-Pujadas, A.;
Fuentes-Claramonte, P.; Balaguer, R.; Ávila, C.; et al. State and Training Effects of Mindfulness Meditation on Brain Networks
Reflect Neuronal Mechanisms of Its Antidepressant Effect. Neural Plast. 2016, 2016, 9504642. [CrossRef]

